The proposed model assumes that the criteria leading to the lethal breakdown of microorganisms suspended in a continuous medium depend on two parameters: (a) the applied electric field must exceed the critical field of membrane to create holes and (b) the Joule energy (deposited in the membrane) must exceed the minimum value beyond which the cell can not recover. The first parameter initiates (reversible) breakdown and the second one, the completion of the (irreversible) electrical breakdown leading to death of the cell. The number of cells surviving the electric field treatment is related to statistical distribution of cell size. Comparison between theory and the experimental results of Kinosita and Tsong (1977); H~ilsheger et al. (1980 , 1981 , 1983 ; Rosemberg and Korenstein (1990) and others is given.
Introduction
The object of this paper is to elucidate the consequences of pulsed current flow in a conducting continuous medium in which cells are suspended. The cells are assumed to be spherical as defined by Sale and Hamilton [1] . Cases considered are: (1) the membrane is impermeable to diffusion and electric current (which passes around the cell after the membrane capacitance is fully charged). ( 2) The membrane resembles a thin 'oil film' with small pores, through which electric current enters the cell and permits the core to assume a bulk conductivity. The pores are considered small enough not to interfere with the biological functions of the cell. (3) The current load is sufficient to damage the region around a single pore. In this case the detailed geometry of the current passage through the pores must be considered. An account of the experiments by different authors and comparison with the theory will be made. The current phenomenon has been extensively stud- (1) where (9 is the angle between the radius vector (originating at the cell centre) and the direction of the field line at infinity. Here, a is the radius of the cell and E, the field far from the cell giving the stream function w= o-,(e0 +
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If A=(1-u), B=(l+u/2) and w, the normalized power density, (= W/(o-l E2)) we get, w =A + B + (A -B)" cos20 (4) f t 3// II Eq. (4) gives the constant normalized power density lines and Eq. (2), the current lines ( Fig. 1) . At the surface of the cell, u = 1, Eq. (4) becomes w = (9/4) sin20 making the heating rate 9/4 times larger at the equator of the cell than in the liquid far from the cell. The heating falls in a continuous fashion from equator to the poles via the sinZO-law. There is no heating at the poles. An estimate of the effect of local departure from thermodynamic equilibrium could be obtained from the following diffusion expression:
Here, D is the diffusion coefficient (2.5. 10 -5 cm2/s in water at 25°C and atmospheric pressure) and t is the duration of the applied voltage impulse. For t = 10/zs, Ax becomes 0.158 tzm. This suggests that, if the cell diameter is 1 ~m, the equilibrium in temperature between the equator and the poles will not occur during the electrical pulse.
An alternative mechanism is based on the rate at which local pressure perturbations are equilibrated throughout the region, i.e., the speed of sound. The appropriate time constant is in the order of tens of nanoseconds (and equal to the ratio of the size of the cell and the velocity of sound).
Experimental findings [1, [6] [7] [8] [9] indicate that the temperature increases 3 to 5°C in the liquid in which microorganisms experience lethal effects. From Eq. (4) it follows that the temperature rise at the equator is 9/4 times larger, i.e., it is 6.75 to 11.25°C, while the temperature at the poles remain unaffected.
Temperature changes arise from the conversion of Joule heating to internal energy of the liquid in accordance with the current line distribution around the cell. However, our underlying conditions seem to rule out a mechanism of this kind to lead to distortion, rupture and lysis of the membrane by thermomechanical forces alone. 
Membrane as a penetrable barrier in an electrical field
We assume that a membrane behaves like a thin 'oil film' composed of no more than two layers of molecules, pierced by numerous pores through which the electric current crosses into the cytoplasm. After initial charging of the membrane, we can assume that the current short circuits the membrane as it passes through the numerous pores without distorting them.
From such assumptions we estimate the average rise in temperature. If the electrical conductivity of the core is o" 3 and of the suspension o-p a general solution for the current lines of Eq. (2) is:
The constants A, B and C are determined from the following conditions: (a) the field far away from the suspended cell is E, (b) the current continuity is preserved at r = a = radius of the cell, and (c) the tangential components of the field at r = a must be in balance. We find that if 0-3 >> 0-1 at the surface of the cell, the normalized power density, w is 9cos2(9 and the core of the cell receives a negligible amount of energy. The heating is maximal at the poles and falls towards the equator via cos2@-law. The power density at the equator is not affected by the passage of current and the temperature maintains its initial value. This analysis suggests that, if the time constant for achieving thermodynamic equilibration is very long, the poles's temperature for the experimental conditions [1,6--9] would reach between 27 and 45°C. If the surface tension of the membrane would experience a sharp drop in its value due to a rise in temperature, this mechanism on its own could be responsible for the rupture of the membrane. However, further examination of this model shows that the threshold level can not be reached due to insufficient current concentration at the membrane surface.
Membrane as a semi-permeable barrier in an electrical field
We suggest that reversible breakdown is caused by the electric field exceeding the critical field of the membrane to create holes. It is described by the relationship between the potential difference, V across the membrane and the radius, b of the cell: V= 1.5bEcosO (7) implying b ~ (E)-~ where V is about 1 W.
Eq. (7) suggests that the field strength needed to damage a particular cell is inversely proportional to the radius of that cell. See Zimmermann et al. [6] . Since this voltage V reaches maximum at the poles (cos0= 1), breakdown will occur here first and current continuity demands that a pair of holes, one at each pole (north and south) is created. The course of the current lines around the cell with a pair of holes is given in Fig. 2 . As indicated in Appendix A, the holes relieve this voltage at the poles but it builds up some distance from the pole to a value smaller than the original one (in the unperforated condition). The holes shift the maximum electric field (.stagnation point) from the pole (cos~9 = 1) to a region where the unperturbed electric field is smaller. It follows that further strikes become less probable after the first dielectric breakdown (perforation) (see Fig. 3 ). However, if the applied electric field E exceeds the inception field E o, a more or less regular pattern of holes will develop around the apex, each separated from its neighbour by a region of voltage relief.
From Fig. 2 we conclude that the total current entering the cell will not change materially if the single hole is replaced by a cluster of holes. The course of current lines ahead of the cell is not greatly affected by the exact distribution of the cluster around the poles.
Experimental evidence on the number of holes or pores appears inconclusive: studies involving the migration of a fluorescent dye by Dimitrov and Sowers [10] indicate an asymmetric picture, suggesting migration through a single hole, where current continuity is preserved through the capacitance of the membrane. Conversely, the photographs presented by Tsong [2] are symmetrical with respect to the electrodes and the dye interface is straight, indicating that the discharge current (and hence the dye) enters through an array of pores placed symmetrically about the equatorial plane in a form of 'narrow bright bands'. At any rate, the membrane voltage relief near the hole is a local phenomena and is relatively unaffected by holes in the opposite hemisphere.
Chang and Rees [11] have detected these electrically generated holes by means of electron microscopy and have conjectured that their density may be a function of the applied field.
For simplicity, we consider a single (equivalent) hole of a small diameter forming a long cylinder. Current conservation demands that the electric field inside the hole is E m
down-created hole of average conductivity o-m, the field E m and the pulse width At and raises the temperature inside the hole. A part of this energy is spent to erode the material inside the holes, thereby increasing their diameter, and a part to increase the pressure inside the cell above the osmotic level. This leads to swelling of the cell as the pressure from the cylinder is transferred to the cytoplasm. Therefore, ~rmE~At can be expressed in terms of the excess force F acting on the surface area of the cell (=47rb2). If F exceeds the critical force F o (where F o = constant), an irreversible electrical breakdown condition is reached where the useful material of the cytoplasm (: cytoplasmic macromolecules) is discharged into the suspension. The membrane behaves as if it is being 'ruptured'. Hence:
Rosemberg and Korenstein [12] confirmed Eq. (8) by measuring the relative membrane conductance (~ O'mr2). For constant pulse duration At they obtained r 2~ (EEo). By re-plotting their data on a log-tog scale for constant field strength (of 1 kV/cm), we find that r:~ (At) °5°, as one expects from Eq. (8) . However at a field of 1.8 kV/cm, we find r 2 is ~ (At) °'73. As the exponent of At approaches unity, it can be shown that the 'thin sheet' approximation of field distribution applies. Here, the length of the cylinder is small compared to its diameter.
The criterion of critical force could be expressed in terms of the Joule energy per unit length which results in membrane swelling. For a given species, this length representing radial expansion follows from the theory of elasticity. Hence, the total Joule energy (= V 2At/(R) = constant) received by the hole is related to the critical force and cell death. Here V is defined by Eq. (7), the resistance of the hole, R by 6/('rrrZo'm ), r 2 by Eq. (8) and 6 is the thickness of the membrane. Therefore:
If experimental work is done with only a single specie of microorganisms, cell destruction follows the law:
It is assumed in Eq. (8) that the Joule energy is dissipated in the hole and transferred to the cytoplasm neglecting energy loss to suspension. This implies that Eq. (9a) is only valid for pulses having short widths and high amplitudes. For long duration pulses, the heat loss and the detailed evaluation of Joule heat generation must be considered, e.g., f(V2/R)dt = constant. For the initial value of V given by Eq. (7), the voltage across the hole will start to fall exponentially in time (as it is known in electrical discharges). The integration shows that for a limited time range, f( E, At) can be approximated as (( E -Eo)2Atn) 3/10 = constant, where n is less than one.
On the other hand, Carslaw and Jaeger [13] give a solution of the heat conduction problem of a conducting sphere separated from infinitive medium by a thin layer with contact resistance. If this layer is thought to represent the cell membrane, the relevant equation for early times (on p. 350, Eq. (22)) shows that the temperature change (the cooling rate) is proportional to the ratio of surface area to mass of the sphere (= well known 'square-cube' law). It could be argued (due to the analogy between the heat conduction and diffusion) that the leakage rate of cytoplasmic molecules also follows the square-cube law. With surface area being 4rrb 2 and with the cone of cytoplasmic volume (or mass) (~ 7rr2b/3) discharged into suspension, we have from Eq. (8) that:
Eq. (9a) corresponds to lethal damage to the microorganism's surface (e.g., a bum) independently of volume of the body. Yet, Eq. (9b) demands that the cell looses its interior at a constant rate. However, the dependence of b on E appears to be small (see Fig. 4 ).
It would be useful to estimate the error caused by assuming a single hole at the pole stated by Eq. (9a). Breakdown starts at the poles and could spread to occupy the area of a spherical cap (= 27rb2(1-cosO)) with assumed uniform pore density or. Its edge is characterized by the condition that the applied field E must be equal to the inception field E 0. Also, the total area of the holes: nr 2 can be expressed as bz(V -Vo)(At) 1/2 where, n is the 
Experimental evidence and discussions
We assume the radius of the cell to be subject to a statistical distribution of Gaussian type: Relationship between the surviving cell and electric field E for E. coli KI2 with varying growth phase. Experimental points are after Htilsheger et al. [8, 9] . Parameters used to plot the survival curves are given in Table 1 . Table 1 and Fig. 7 give the parameters used to obtain Figs. 5 and 6. In these curves the width of electrical pulses is constant. Hence, if we use Eq. (9a), b ~ E -°'6. For single shot exposure, the analysis is straightforward. The value for b 0 can be obtained from the mean volume of the species (given by Hiilsheger et al [7] [8] [9] ) by assuming the cells are spherical. The value for 7 is obtained from curves describing the cell volume distribution. Unfortunately, the local experimental conditions (: selection process/method, temperature, and growth medium, strain differences) play an important role. Uncritical choice of 7 from literature may miss an important local condition of the experiment. However if we assume that the cell volume distribution curves for rapidly growing culture of bacteria are congruent with each other, (see Kubitschek [14] ) it can be seen that the product of y/2 o.5 (given in Table 1 ) times b02 converges to a constant. This justifies presenting Table 1 with the view of providing a base for future analysis.
However, if the cell volume distribution could be measured before and after electric pulse treatment, the mea- The curves are defined as: S = 0. 
0.5(1 -exp(-2x2/Tr) 1/2 = 1 -(1/4)exp(-2x2/~).
The result is again approximately Gaussian, where in zero order approximation y has to be multiplied by 4/~'. This fact indicates that y/2 j/2 in Table 1 Table 2 ).
To enable comparison with the work by Kinosta and
Tsong [15] , we write the lysis, L as a function of f(E, At) thus:
The value 9.96 was derived from data on human red blood cells given by Ponder [16] . The volume of the cell is (88 _+ 6) /zm 3. If approximated by a sphere, the mean radius is (2,759 +0.197) /~m. Since two-thirds of the diameters lie within this volume range, we find that Tsong [15] and describing the critical field, Ell 2 vs. the pulse duration At was re-plotted on a log-log scale, resulting in Fig. 9 . For pulses of short (1.3, 2.5 and 5 /zs) duration, we obtain the following experimental results:
(E~/2(At) ]12) = constant. To get an agreement between their measured points (of haemolysis) and Eq. (10) (see Table 2 The critical potential difference across the membrane, V was estimated as 1.5boEi/2 Fig. 10 . However, the calculations suggest that E o decreases the steepness of the lysis curves at higher fields (with shorter pulses) relative to the those obtained with smaller field (and longer pulses).
Conclusions
To explain the survival curves, we must assume the formation of a relatively regular pattern of holes around two loci in the membrane facing the electrodes. Once a hole is established, the local high current concentration in the hole produces sufficient Joule heating to cause local high pressure (due to temperature rise and ion concentration) which drives fluid into the cytoplasm. Later, the interior of the cell driven by the pressure, is forced out. Consequently the interior is replaced by the inorganic matter in which the cells are suspended, to the extent that biological activity is inhibited. We confirm the mechanism of cell lysis proposed by Kinosita and Tsong [14] . Cell death occurs, not through primary leakage of cell material across electroporetically induced holes, but rather through increase in osmotic pressure. To appreciate this mechanism, the following properties of water should be noted: a temperature jump from 0 to 45°C leads to a density change of 1% while a pressure of 200 atmospheres is also required to increase the density by 1% [17] .
We suggest that the lethal effect at small intensity fields at multiple shot exposures is due to the Gaussian nature of biological cell distribution (cell size, age of the cells, etc). Detailed knowledge of this distribution throughout treatment is required, if we are to appreciate the multiple-shots experiments.
Derivation of the theory points to a complete analogy with the electrical breakdown in some gases and solids [18] . The lethal effects on micro-organisms depend on (a) the applied electric field exceeding the critical field of membrane breakdown to form holes and (b) the Joule energy (deposited in the membrane) exceeding a minimum value beyond which the cell can not recover. In electrical discharge phenomena, breakdown is dependant on these same parameters. However, the second one is modified to read Joule energy per length of the dielectric (per thickness of the 'membrane' ranging from a few /zm to tens of metres).
An objection to our approach has been raised, to the extent that the effect of shape distribution may be equally or more important than the linear or volumetric size of the cells. This may indeed be the case. However, as our criteria are integral relations (see Eq. (9a)), we are confident that the effect of shape will be of second order in magnitude. We intend to discuss this in a subsequent paper. Here, we are only attempting to show that the functional relations derived, fit the measurements of a number of workers in the field. This would be convincing proof if the constants K and y had been independent of the pulse number (Fig. 7) . Although this dependence is weak and within the limits of experimental scatter, it shows the requirement for theoretical refinement.
Our views essentially confirm the pictures of electroporation delineated by previous workers and extends them to the statistical distribution of cell parameters. In the future we propose extending the treatment while considering the thermal widening of pores combined with healing mechanisms. This will necessitate detailed consideration of current flow in and around the membrane perforation as carried out by Pastushenko [19] . We have made a distinction between reversible and irreversible breakdown, as was discussed by Glaser et al. [20] , as this depends strongly on the surface chemistry of the interfaces involved, although as demonstrated by Chernomordik et al. [21] , lysis is invariably associated with irreversible discharges. This expression for V is identical with the one given in Eq. (7) in the main text, provided m = 0. The course of this function is shown in Fig. 3 .
The solution above applies to a single point source at distance f from the centre. To obtain the final solution for two holes at opposite ends of a diameter, one must put f= a and add a second source of strength -m at f = -a. This results in the suppression of all even order terms in the Legendry series.
